UDK UDK: 546.26.027*14:551.444(736.9) Lee J. Florea: Ogljikovi izotopi v kraškem vodonosniku Cum Ogljikovi izotopi v kraškem vodonosniku Cum Cum berlandske planote, Kentucky, ZDA V kraški podtalnici zaledja potoka Otter Creek (Cumberlandska planota, Kentucky, ZDA), smo merili koncentracijo in izotopsko sestavo raztopljenega organskega (DOC) in anorganskega (DIC) ogljika. Podatke smo primerjali z ravnotežno kemijo karbonatov in sadre. Ugotovili smo, da koncentracija DOC pada s pretokom vode, da lahko izotopsko obogatitev DIC vzdolž več reakcijskih poti, neposredno povežemo z nasičenostjo raztopine in da ima pri raztapljanju pomembno vlogo oksidacija reduciranega žvepla. DOC izhaja iz vegetacije tipa C3, s povprečno δ 13 C DOC -27‰. DIC izhaja iz pedogenega CO 2 in iz raztopljenih karbonatov v obliki HCO 3 -. Dotoki v vodonosnik so nenasičeni na kalcit in imajo izrazito nizk koncentracijo DIC, manj kot 1 mmol/L. Na izvirih so vode v ravnotežju oz. prenasičene na kalcit, koncentracija DIC pa doseže 3 mmol/L. Na mestih, kjer iz vode izhaja CO 2 in se izloča kalcit, so izotopske vrednosti DIC med -6,3 in -12,4 ‰, kar zamegljuje enostavna razmerja med δ 13 C DIC , pretokom in stopnjo nasičenja. V žveplenih vodah so koncentracije DIC med 2-7 mmol/L in odstopajo od vrednosti, ki bi jih pričakovali pri raztapljanju karbonatov z ogljikovo kislino, v smeri vrednosti v matični karbonatni kamnini. Očitno se del DIC iz karbonatov sprošča pri reakciji z žvepleno kislino, ki nastaja ob oksidaciji reduciranega žvepla iz plitvih slanic naftnih polj. Ključne besede: raztopjen organski in anorganski ogljik, redukcija žvepla, geokemija, indeks nasičenja. In this study, the concentration and isotopic composition of dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC) are measured in the karst groundwater of the Otter Creek watershed of the Cumberland Plateau of Kentucky, USA. Comparisons among these data and with the geochemistry of carbonate and gypsum equilibrium reactions reveal that DOC concentration is inversely related to discharge, multiple reaction pathways provide DIC with isotopic enrichment that may be directly related to mineral saturation, and oxidation of reduced sulfur is possible for dissolution. DOC is derived from C3 vegetation with an average δ 13 C DOC of -27‰. DIC in groundwater is derived from both pedogenic CO 2 and HCO 3 -from dissolved carbonate. At input sites to the karst aquifers DIC concentrations are expectedly low, less than 1 mmol/L, in waters that are undersaturated with respect to calcite. At the output of these karst aquifers DIC concentrations reach 3 mmol/L in waters that are at or above calcite saturation. Values of δ 13 C DIC range between -6.3 and -12.4‰ with CO 2 degassing and calcite precipitation at some sites obfuscating a simple relationship between δ 13 C DIC , discharge, and mineral saturation. In addition, concentrations of DIC in sulfur seeps within the watershed range between 2-7 mmol/L with δ 13 C DIC values in some samples skewed more toward the anticipated value of carbonate bedrock than would be expected from reactions with carbonic acid alone. This suggests that the oxidation of reduced sulfur from shallow oilfield brines liberates bedrock DIC through reactions with sulfuric acid.
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Carbonate aquifers, hosting 60% of the world's proven petroleum reservoirs, 40% of known gas reserves, and influencing approximately 25% of the world's drinking water (Ford and williams 2007) , are particularly vital to our understanding of the global carbon cycle. A significant fraction of carbon transport through karst is in dissolved form. Dissolved organic carbon (DOC) comprises organic acids and carbohydrates leached out of vegetation and soil. The composition of that DOC depends largely upon the overlying climate and land use. Dissolved inorganic carbon (DIC) includes products of mineral reactions with acidity in water. Of primary importance is the carbonate equilibrium reaction with calcite and dolomite, or h 2 CO 3(aq) + [(1−x)Ca, xMg]CO 3(sol) ←→ (1−x)Ca (aq) + xMg (aq) + 2hCO 3(aq) ,
where the subscripts x and 1-x are proportional to the magnitude of calcite and dolomite within a karst aquifer, respectively. In Equation 1, CO 2 sequestered into the aqueous system from the atmosphere, organic oxidation, or microbial respiration in the soil reacts with carbonate bedrock to release carbonate ions into solution. In the pH ranges typical of water in karst aquifers, bicarbonate (HCO 3 -) is the principal dissolved ion. More recently, some emphasis has shifted toward carbonate aquifers with secondary porosity that has partly evolved via the oxidation of reduced sulfur, via the following reaction: h 2 SO 4(aq) + 2[(1−x)Ca, xMg]CO 3(sol) ←→ 2(1−x)Ca (aq) + 2xMg (aq) + SO 4(aq) + 2hCO 3(aq) .
In such systems, such as the classic example of the karst of the Guadalupe Mountains of New Mexico (Hill 1990 ), CO 2 is not sequestered from the atmosphere and DIC is liberated from the carbonate bedrock alone.
STABLE ISOTOPES OF CARBON
In nature, carbon occurs as two stable isotopes, 12 C and 13 C with the abundance of the heavier isotope of approximately 1.1%. Mass-spectrometry can distinguish between these isotopes and compute the enrichment or depletion of the heavier isotope of carbon in a sample as compared the Vienna Pee Dee Belemnite (VPDB), denoted by δ 13 C and calculated using (3) Values of δ 13 C are reported in parts per thousand or 'per mille' (‰ -VPDB). Various processes in nature may fractionate the heavier or lighter stable isotope of carbon (Kendall & Caldwell 1998) In vegetation, the photosynthetic process preferentially uptakes the lighter isotope during carbon fixation (Schlesinger 1997; Ehleringer & Cerling 2000) . The resulting δ 13 C of organic carbon in vegetation is depleted in the heavier isotope. The magnitude of this fractionation depends upon the nature of the photosynthetic pathway. In humid landscapes, most native plants utilize the C3 pathway, which yields organic matter with δ 13 C values between -23 and -27‰. C4-type vegetation, in contrast, is more adapted to arid conditions, fixes less CO 2 during photosynthesis than the C3 pathway, and consequently has δ 13 C values between -10 and -14‰.
In shallow ground water, values of δ 13 C in dissolved organic and inorganic carbon (δ 13 C DOC and δ 13 C DIC ) reflect a combination of microbiologic reactions, limestone dissolution, and gas-water exchange processes. when carbon dioxide CO 2 produced in soil by oxidation or by biogenic reactions is dissolved into water, the process preferentially selects the heavier isotope. The δ 13 C DIC resulting enrichment is from combined microbial, diffusion, and equilibrium fractionation and may be as much as +6.4‰ (Clark & Fritz 1997) . This pedogenic-derived DIC reacts with carbonate bedrock via Equation 1 to produce a DIC in groundwater from each source, with the stoichiometry in a simple reaction mandating a 50% blend of carbon in the products at mineral saturation. Undersaturated solutions would theoretically have values of δ 13 C DIC that more reflect soil CO 2 . Oversaturated solutions may be more enriched in bedrock-derived DIC compared to a sample at saturation.
The exact nature of δ 13 C DIC in karst groundwater can be significantly more complex than simple mixing and governed by phases of CO 2 enrichment or degassing along the flowpath (Marlier & O'Leary 1984) , by alternative chemical weathering phenomena like those that release DIC from carbonate bedrock into an aqueous solution without corresponding soil CO 2 (e.g., Equation 2), or by weathering of certain silicates that sequesters CO 2 from the atmosphere without the addition of bedrock DIC (e.g., weathering of wollastinite, CaSiO 3 - Berner et al. 1983) . In summary, changes in end-member contributions to DOC and DIC (e.g., vegetative cover and bedrock composition) as well as variations in the hydraulic function of the underlying aquifer system from droughts or storm events may manifest as changes to the values of δ INTRODUCTION LEE J. FLOREA HYDROGEOLOGIC SETTING Data in this study come from water samples collected within the Otter Creek watershed along the western escarpment of the Cumberland Plateau in wayne County of southeastern Kentucky, USA (Fig. 1) . Otter Creek is a third-order tributary of the Cumberland River. Staged incision of the Cumberland River associated with interglacial phases of Plio-Pleistocene glaciation has been the primary control on the geomorphic evolution of the region (Anthony & Granger 2004) and has resulted in tiered cave systems (Simpson & Florea 2009 ). These caves have developed within middle-Mississippian carbonates of the Slade Formation, including, from oldest to youngest, the St. Louis, Ste. Genevieve, Kidder, and Bangor Limestone members (Ettensohn et al. 1984) . These are underlain This paper considers the spatial and temporal variation of dissolved organic and inorganic carbon from one portion of the karst within the western margin of the Cumberland Plateau in southeast Kentucky as a component of a larger-scale investigation of carbon flux from karst in the Appalachian lowland plateaus. To that end, the geochemistry of water samples from sites considered by Dugan et al. (2012) and Florea (2013a) are used to compute calcite and gypsum saturation indices, calcite saturation ratios, as well as the concentration of the species of inorganic carbon. Complementary to these data are measurements of dissolved organic carbon (DOC) and the stable isotopes of dissolved carbon in both organic and inorganic form (δ 13 C DOC and δ 13 C DIC ) in these same samples. Variations in these data are investigated as they pertain to sampling site and aquifer characteristics, as well as seasonal patterns manifest, in part, as variations in discharge at selected sites.
S u n n y b r o o k A n t i c l i n e Monticello O t t e r C r e e k B ea ve r C re ek Alpha S R (Palmer 1991) that 'stair step' through the stratigraphy (Crawford 1984) and emerge briefly at the land surface where the flowpath at the base of the Bangor Limestone traverses the Hartselle Formation before sinking again into the Kidder Limestone (walden et al. 2007 ). These tributaries coalesce into sinuous, master conduits that may parallel hillside contours (Sasowsky 1994 ) and discharge at gravity-flow springs at the base of the plateau (Crawford 1984) . The karst of the Cumberland Plateau is largely epigene; in other words, the source of acidity is derived from meteoric recharge and driven largely by the carbonate equilibrium reaction presented in Equation 1. Florea (2013b) considers the timing and mode of this recharge using stable isotopes of oxygen and hydrogen (δ 18 O and δ 2 H) and reveals a strong seasonal bias toward winter months when evapotranspiration is reduced. Data from the samples are summarized in Tab. 1. These data comprise ionic measurements using HACH field titrations for bicarbonate (HCO 3 -) as well as Ca 2+ and Mg 2+ concentrations in the 2012 samples, ion chromatography for 2010-2011 samples, and a HACH DR 2800 spectrophotometer for select ions in the 2012 samples. Field measurements of pH and temperature (T) complement these data. Samples for ion analysis were filtered using a 0.45-μm membrane and collected using 250 mL HDPE bottles and kept at 4°C until time of analysis. Samples for cations were preserved using 2 mL of 6N HNO 3 . Precision and accuracy were not reported from the lab contracted for the ion analyses. Computed charge balance values are reported in Tab. 1 for samples where appropriate.
For each filtered sample, a split was stored in a 30-mL glass bottle, treated with CuSO 4 as an anti-microbial agent, and stored at 4°C with a parafilm seal until analysis for δ 13 C DIC . A similar split sample was analyzed for δ 18 O and δ 2 H with results summarized in Florea (2013b) . Concurrent with each of the 16 sets of 2010-2011 data from SC and SS, samples for measurement of DOC and δ 13 C DOC were collected in a 1L HDPE bottle spiked with 1 mL of 12 N HCl to prevent microbial activity. In the lab, these samples were dehydrated and the remaining solids treated with H 2 SO 3 to effervesce CO 2 In addition to the springs from epigene karst aquifers, preliminary geochemical investigations in the Otter Creek watershed by Dugan et al. (2012) provide a first look at geochemical data of water chemistry from travertine (tufa) springs and sulfur seeps, that are in part spatially controlled by the Sunnybrook Anticline (Fig. 1) . This anticline has an amplitude of approximately 30 m, is oriented N-NE, and is parallel to the trend of the Cumberland Escarpment. waters at the tufa springs can be oversaturated with respect to calcite and where they emerge, calcite precipitates. These springs probably resurge from long, strike-parallel flowpaths on the west flank of the anticline. Similarly, some caves in the region contain significant travertine deposits within active water passages, including rimstone dams and flowstone, suggesting periods of calcite oversaturation linked with chemical changes that lead to mineral precipitation. Florea (2013a) investigates the nature of water chemistry in the Otter Creek watershed, in particular from the Redmond Creek karst aquifer (Fig. 1) , and using a comparison of reaction products and principal component analysis concludes that, although dissolution via Equation 1 dominates the chemistry, dissolution via Equation 2, with the sulfur derived from the entrainment of shallow brines, is possible at the local scale. This process is particularly important adjacent to sulfur seeps in caves and streams. These documented sulfur seeps are largely concentrated on the east flank of the Sunnybrook Anticline in the direction of the Appalachian Basin (Fig. 1) . The presence of these seeps is a manifestation of shallow petroleum reservoirs in lower Mississippian strata that underlie the carbonates that host the karst aquifers (Fig. 2) . from the fraction of inorganic carbon in the solid residue. Secondary dehydration provided organic resin for isotopic analysis.
Measurements of the stable isotopes of carbon were conducted at the Stable Isotope Laboratory at the University of South Florida. For δ 13 C DIC , 12 mL borosilicate glass vials with septa were filled with 1 mL of 85% phosphoric acid. After a flush of helium gas, 0.2 mL of sample was introduced into the vial with a syringe. The CO 2 produced in the reaction between the acid and the sample DIC was analyzed using a Thermo-Finnigan IRMS attached to a Gas Bench II. For δ 13 C DOC , weighed masses of organic resin were loaded into tin capsules and combusted in an Elemental Analyzer. The CO 2 produced in the combustion was analyzed in the IRMS. Isotopic values were compared to the VPDB standard using simultaneous measurements from reference samples of Carrara marble and NBS 18 standards for δ ANALYSIS OF ANALYTICAL RESULTS The saturation index with respect to calcite and gypsum and the calcite saturation ratio for each sample were computed using the Debye Hückle relationship to compute molar activities of ionic species as summarized by Ford and williams (2007) and white (1988) for the carbonate equilibrium reactions. Additionally for each sample, the partial pressure of CO 2 in solution, PCO 2 , was computed using the temperature-dependent equilibrium equations for pK CO2 , pK 1 , pK 2 , and pK c summarized in Ford and williams (2007, p. 48) and derived from Garrels and Christ (1965) and Plummer and Blusenberg (1982) . Using Henry' Law, the equivalent molar concentration of CO 2 in solution was computed from PCO 2 . The sum of the molar concentrations of CO 2 and HCO 3 1-in solution is a measure of the total DIC in solution. Summaries of computed geochemical values are provided in Tab. 2. Most generally, the results of this study reveal the blend of dissolved carbon that is transmitted though the largely epigene karst of the Cumberland Plateau. These data further reveal information on the source and timing of carbon transport. As a baseline for further research, the data characterize the magnitude of carbon flux in present conditions. Since rates of chemical weathering are sensitive to environmental and climate conditions, reference studies as this provide one important regional context to help understand the potential impacts of changes in land use (Zhang 2011) and atmospheric CO 2 (Cao et al. 2012) upon temperature, precipitation, plant community structure, and resultant DOC and DIC in karst aquifers. DOC AND δ 13 C DOC Values of DOC are within the expected range of karst waters as observed by Simon et al. (2007) . Values at the aquifer input (SC) are consistently higher (average and standard deviation = 1.11±0.82 mg/L) than at the aquifer output (SS) (average and standard deviation = 0.97±0.47 mg/L). This suggests a conversion of DOC into DIC between aquifer input and output that is at least in part due to microbial activity. DOC values at SC are particularly sensitive to discharge (Fig. 3) . During August 2010 when dry conditions reduced the base flow at SC to less than 0.8 L/s, DOC levels were close to zero. In contrast, higher discharge conditions (Fig. 3) . Despite scatter, the contribution of C3-type vegetation is clearly demonstrated by the values of δ 13 C DOC observed at both SC and SS (average and standard deviation = -27.0±0.8‰). No relationship between δ 13 C DOC and q is visible in Fig. 3 , suggesting that the source of DOC does not shift either seasonally from agriculture or according to availability of water. This conforms to existing land use in the watersheds for both SC and SS, which are minimally impacted by human activities, being primarily woodland with a history of selected timber harvesting dating back to the early 1900s (Kay Koger, landowner -personal communication). The estimated population density for Redmond Creek is ~ 0.01 ha -1 and is a similar density for the larger Otter Creek watershed. C DIC at the aquifer output is inversely proportional with discharge (Fig. 3) indicating that undersaturated waters during higher discharge conditions have excess soil-derived PCO 2 and contribute more depleted δ 13 C DIC values than during base flow conditions. Conversely, base flow conditions are more enriched in 13 C, with weak logarithmic regressions for SC and SS that approach -6.5‰ at a q = 1 L/s (Fig. 3) . δ
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C DIC values are somewhat dependent upon the DIC concentration at SC and SS, but not among the other sites in this dataset, including tufa springs and sulfur seeps (Fig. 5) . DIC in the form of HCO 3 -dominates the water chemistry (Tab. 1 and 2). The concentration of DIC among all samples increases with calcite saturation and, on average, exceeds 2 mmol/L in saturated waters (Fig. 5) . Along the flowpath between SC and SS, DIC in CO 2 form is converted to HCO 3 -via the reaction in Equation 1. Careful inspection of data in Tab. 2 demonstrates greater CO 2 concentration at SS when compared to SC (average and standard deviations = 1.1x10 -4 ±0.85x10 , respectively); however, at SC the CO 2 comprises a greater fraction of the DIC in the sample (Fig. 5 ). Correspondingly, values of δ 13 C DIC should increasingly reflect DIC derived from the bedrock. with an approximated shift of +6.4‰ from CO 2 in the soil to CO 2 in solution (Clark and Fritz 1997) , water with C/Cs = 0 that is in equilibrium with soil CO 2 should have a δ 13 C DIC of -20.6‰. Theoretically, karst water with a SI = 0 or C/Cs = 1 would have a 50% blend of DIC from the soil and from the bedrock following Equation 1. without prior knowledge of the bedrock end member, the value of δ 13 C DIC expected at saturation is unknown. However, the data from both SC and SS appear to converge at saturation to a δ 13 C DIC value of -6.3‰ and -8.1‰ for SC and SS, respectively (Fig. 5) , which is similar to the values observed at base flow conditions in Section 5.3 (Fig. 3) . Assuming that Equation 1 is the only reaction pathway for producing DIC, these results would imply a bedrock source of +8.4‰ for SC and +5.8‰ for SS, considerably more enriched in 13 C than typical values for marine carbonates that are typically close to that of the VPBD standard (e.g., Hoefs 1997 
CONCLUSIONS
In the Otter Creek watershed of the Cumberland Plateau of Kentucky, USA, the concentration of dissolved organic carbon is less than 3 mg/L, and in the case of some sites is inversely proportional to discharge. C3 vegetation is the source of this DOC, with an average δ 13 C DOC of -27‰. DIC concentrations that may exceed 4 mmol/L are inversely proportional to discharge and directly proportional to the saturation of the aqueous solution with respect to calcite and gypsum at some sites. Values of δ 13 C DIC reflect soil and bedrock sources and conform to measurements expected from the carbonate equilibrium reactions. Increasing enrichment of 13 C at two sites in this study proceeds with increased saturation of groundwater with respect to calcite. Sulfur seeps follow this same trend at higher base flow conditions. These same sulfur seeps are enriched in 13 C at low flow, but undersaturated, thus suggesting that the oxidation of reduced sulfur may enrich these sties in bedrock DIC. Other locations appear to follow independent DIC pathways. Some sites, such as tufa springs may have depleted δ 13 C DIC from CO 2 degassing and calcite precipitation.
One possible source of additional δ 13 C DIC enrichment is evident in the data from the sulfur seeps. These sites are closer to saturation with respect to gypsum (Fig. 4) . In 2011 these sites, despite high values of Ca 2+ and HCO 3 -in solution (Tab. 1), are undersaturated with respect to calcite (Tab. 2). They are correspondingly enriched with respect to 13 C (Fig. 5) . This implies additional enrichment in bedrock carbon without a corresponding additional contribution from PCO 2 from the soil. Such a process may be driven by the oxidation of dissolved sulfides, which can decrease the pH and drive additional carbonate dissolution via Equation 2. Interestingly, the 2012 data from the sulfur seeps reveal oversaturation with respect to calcite and decreased enrichment of 13 C. These samples were collected in higher discharge conditions during the winter months. They follow trends similar to SC and SS and converge on a value δ 13 C DIC of -11‰ at SI = 0 and C/Cs = 1 (Fig. 5 ). Collectively these data suggest the potential for lessened oxidation of reduced sulfur at the time of the 2012 samples.
The particular reason why the 2012 sulfur seep samples are more depleted in 13 C compared to the samples from SS, which are in turn more depleted in 13 C than the samples from SC is unclear. Logic suggests that the trend should be the opposite; the potential influence of Equation 2 upon δ 13 C DIC should increase at sites with known influence of sulfur-rich brines, which is certainly the case the sulfur seeps and observed to a lesser degree at sites within the cave that contributes to SS. One possible mechanism that could generate the trends in Fig. 5 is that the average bedrock δ 13 C DIC may vary by several per mille within the contributing watershed for each site. A second possibility is the potential for the oxidation of pyrite within the bedrock within the watershed of SC, known to be present in significant quantities in the Bangor Limestone and the organicrich shale and coal that overlie the Bangor. A third possibility is the potential for methanogenesis within the deeper flow systems that contribute some percentage of flow to SS and the sulfur seeps where reduction of organics may lead to depleted values of δ 13 C DIC . Finally, the samples from SC, which represent waters that have limited interaction with bedrock, may simply not be in equilibrium with soil CO 2 . Each of the postulates remains untested at this time.
Of the remaining samples during 2012 from all other sites, the values of δ 13 C DIC are equal to, or more depleted than those observed at SS in 2010-2011 (Fig. 5) . Five of those sites, CT, SSS, SCS, DH1, DH2, are clustered and similar in range to the data from SS. These five springs have similar physical characteristics (stratigraphic position, discharge, etc.) to SS. Four other sites, BCA, TC, HB, and LH, are depleted in 13 C compared to the other samples at the same calcite saturation. These springs may collect waters from aquifers that have somewhat different bedrock isotope composition than SS or each other. The sample from LH is significantly oversaturated with respect to calcite and is an active tufa spring. Fractionation of the heavier isotope during CaCO 3 precipitation combined with degassing of CO 2 enriched in the lighter isotope potentially drives this sample toward depletion. The remaining three depleted sites may also experience similar fractionation from degassing and calcite precipitation to varying degrees and underscores the complexity of interpreting a limited number of δ
13
C DIC values from a site.
